Cache Valley virus-induced malformations have been previously reproduced in ovine fetuses; however, no studies have established the course of infection of cells and tissues with Cache Valley virus. To address these questions, ovine fetuses at 35 days of gestation were inoculated in utero with Cache Valley virus and euthanized at 7, 10, 14, 21, and 28 days postinfection. On postmortem examination, arthrogryposis and oligohydramnios were observed in some infected fetuses. Morphological studies showed necrosis in the central nervous system and skeletal muscle of infected fetuses evaluated after 7 to 14 days postinfection, and hydrocephalus, micromyelia, and muscular loss were observed in infected fetuses after 21 to 28 days postinfection. Using immunohistochemistry and in situ hybridization, intense Cache Valley virus antigen and RNA staining was detected in the brain, spinal cord, skeletal muscle, and, to a lesser degree, in fetal membranes and other tissues of infected fetuses. Viral antigen and RNA staining decreased in targeted and infected tissues with the progression of the infection.
C
ache Valley virus (CVV) is a mosquito-borne Bunyavirus in the Orthobunyavirus genus of the Bunyamwera group that is endemic in the United States and that causes abortion, fetal death, and malformations in small ruminants (11-13, 16, 19, 20) . The Orthobunyavirus genus also includes Akabane virus and Aino virus, which are associated with abortions and fetal malformations in cattle and sheep (4, 48, 49) . CVV also infects a variety of animal species, including horses (6, 32, 39) , deer (5, 41) , goats, pigs, and caribou (15) . In humans, CVV can cause encephalitis and meningitis (7, 50) . Outbreaks of CVV with dramatic fetal lamb losses have been reported (11-13, 16, 20) .
Ovine fetuses infected with CVV or Akabane virus have a narrow window of susceptibility to infection, and virus can be recovered from tissues before development of immunocompetency, which occurs around 70 to 75 days of gestation (dg) (38, 44) , and regardless of the time of infection. However, fetal death, stillbirths, and congenital malformations, such as hydrocephalus, hydranencephaly, microencephaly, porencephaly, torticollis, scoliosis, and arthrogryposis, were reproduced experimentally only when CVV was inoculated between days 29 and 47 of gestation (11, 12, 15, 16, 20) . Similarly, fetal malformations have been reproduced experimentally when Akabane virus was inoculated at 30 to 50 dg (29, 42) , and if the fetus survived the infection, lambs were born with central nervous system (CNS) and skeletal muscle (SKM) malformations (8, 34, 42) .
Although previous studies have reproduced CVV-induced malformations in ovine fetuses (12, 16) , those studies did not characterize the early histologic lesions and did not identify the cells targeted by the virus during early infection. The objective of this study was to determine the early lesions and infection sequence of cells infected by CVV in the ovine fetus in order to correlate the early lesions with the CNS and SKM malformations seen in spontaneously affected lambs.
MATERIALS AND METHODS
Experimental animals and preparation of viral inoculum. All procedures in this study were conducted using protocols approved by the University Biosafety and Animal Use Committees. The estrous cycles of fifteen CVV-seronegative Rambouillet ewes were synchronized, and the ewes were bred naturally to a CVV-seronegative ram, as described previously (12) . Pregnancies were confirmed by ultrasound examination at postbreeding day (pbd) 33. On pbd 35, the pregnant ewes were transferred to an insect-proof, biosafety level 2 (BSL2), confinement building, and the amniotic cavity of all fetuses was inoculated with a 1-ml inoculum containing 10 5 50% tissue culture-infective doses (TCID 50 s) of CVV (infected group) or with 1 ml of minimum essential medium (MEM) (mock-infected control group), as previously described (11, 12, 19) . The virus isolate used in this study was collected from the allantoic membrane of an ewe experimentally inoculated with a low passage of a CVV isolate (CK-102) obtained in 1987 from a sentinel sheep in San Angelo, TX (12) . The CVV inoculum was prepared using CVV-infected Vero cells via standard virologic techniques (36) . The virus-infected and mock-infected ewes were housed in separate, insect-proof, confinement buildings. The experimental ewes were monitored for clinical signs of disease three times daily, and heparinized blood samples were collected by venipuncture prior to inoculation, and then every 12 h after infection for the first 4 days, and finally on the last day before euthanasia. Whole-blood and serum samples collected for virus isolation and determination of serum neutralizing antibodies, respectively, were stored at Ϫ80°C immediately after collection.
Necropsy, sample collection, tissue preparation, and light microscopic tissue examination. At 7, 10, 14, 21, and 28 days postinfection (dpi), three ewes (one mock infected and two CVV infected) were humanely euthanized. The abdominal cavity was opened, and the uterus and fetal membranes were exposed. Macroscopic lesions were noted, and fetal tissues, amniotic and allantoic fluids, and placenta were harvested for testing. One set of fresh, unfixed samples of brain (BRA), spinal cord (SPC), SKM, cotyledons, fetal membranes, and amniotic and allantoic fluids were collected from each fetus at necropsy and frozen at Ϫ80°C for viral isolation. A second set of fresh, unfixed tissues were placed in an RNA stabilization solution (RNAlater, Ambion Life Technologies, Carlsbad, CA) for PCR assays. Parallel samples of fetal tissues and fetal membranes from up to 21-dpi fetuses were fixed overnight in 4% paraformaldehyde or in Davidson's AFA (acetic acid, formalin, and alcohol) fixative in order to conduct a comparative study of each fixative's performance using immunohistochemistry (IHC) and in situ hybridization (ISH) techniques. All samples collected from 28-dpi fetuses were fixed in 4% paraformaldehyde. After fixation, tissues were paraffin embedded and sectioned at 5 m for routine light microscopy using hematoxylin and eosin staining, as well as for IHC and for ISH. Histologic sections stained with hematoxylin and eosin staining were evaluated for lesions by light microscopy. The distribution of the microscopic lesions observed in the BRA was based on previously described ovine fetal BRA anatomy (3) .
Development of polyclonal antibody and immunohistochemical analysis for CVV. Purified virus prepared from CVV-infected Vero cell monolayers (46) was submitted to the Proteintech Group, Inc. (Chicago, IL), for development of a purified, rabbit polyclonal antibody against CVV. Briefly, after the CVV-infected Vero cell monolayers developed cytopathic effect, cell lysates were prepared by exposing the infected cells to three freeze-thaw cycles followed by sonication at 42 W for 5 min to enhance release of viral particles. The sonicated monolayers were clarified by centrifugation at 1,500 ϫ g for 15 min. The suspended CVV virions within the resulting supernatant were layered on top of a 20% sucrose cushion and pelleted at 64,000 ϫ g for 1 h (Beckman SW27). The formed pellet was resuspended in Tris-HCl and NaCl buffer and added to a continuous 20% to 60% sucrose gradient at 94,000 ϫ g for 3 h. All formed fractions were collected and layered on top of a 10% sucrose cushion and pelleted at 80,000 ϫ g. All purification steps were conducted at 4°C. Viral protein concentration was determined by the bicinchoninic acid (BCA) protein assay, and the proteins were fractionated on a polyacrylamide gel in the presence of 0.1% sodium dodecyl sulfate (SDS), following the manufacturer's recommendations (Thermo Scientific, Rockford, IL). To establish the sensitivity of the CVV polyclonal antibody and the approximate working dilution range, the polyclonal CVV antibody was used at a concentration of 100 g/ml on a Western blot assay using CVV-infected cell lysates following the manufacturer's recommendations (R&D Systems, Minneapolis, MN). Subsequently, the purified antibody was used for immunohistochemical evaluation of CVV antigen on deparaffinized sections mounted on positively charged, silanized slides using an automated staining system for immunohistochemistry (DakoCytomation Autostainer, Dako, Carpinteria, CA). Briefly, endogenous enzyme was blocked with hydrogen peroxide. Samples were pretreated with unconjugated avidin and biotin. Nonspecific epitopes were blocked with Background Sniper (Biocare Medical, Concord, CA). Slides were incubated for 30 min with the CVV polyclonal antibody (1:300), followed by incubation for 20 min with the anti-rabbit secondary antibody labeled with horseradish peroxidase (MACH 2; Biocare Medical). Sections were stained with 3,3-diaminobenzidine tetrachloride (DAB; Dako) and counterstained with hematoxylin.
Tissues were blindly evaluated by one person to determine the percentage of infected cells in each examined organ and graded as follows: ϩ, less than 3% of cells positive; ϩϩ, between 3 and 15% of cells positive; and ϩϩϩ, more than 15% of cells positive. To evaluate cross-reaction between the anti-CVV antibody and other bunyaviruses, IHC testing also was done on deparaffinized BRA sections of properly stored, formalinfixed tissue blocks known to contain La Crosse, Main Drain, or San Angelo virus from a previous study (19) .
In situ hybridization for CVV. A CVV-specific, digoxigenin (DIG)-labeled, single-stranded DNA probe complementary to the negative strand of CVV was generated as previously described (30, 35, 45) . Briefly, RNA was extracted and purified from CVV-infected cell culture fluid using an RNeasy minikit (Qiagen, Valencia, CA). A unique, 530-bp segment from a conserved region of the medium segment of CVV (GenBank accession no. AF082576) was amplified by reverse transcriptase PCR using CVV-specific primers (forward [F] , AGC CTA GAT TGT ATA GAC TGT GGA CCA; reverse [R], TTG GAT CAA TTG ATA AAA TAA GGA TTC). To generate a primarily single-stranded, labeled product, a second PCR was conducted on the resulting amplicon, using only the reverse primer in combination with a DIG DNA labeling mix (Roche Diagnostics, Manheim, Germany) according to the manufacturer's instructions.
The ISH assay was conducted on deparaffinized tissue sections mounted on positive-charged, silanized slides (ProbeOn Plus; Fisher Scientific, Pittsburg, PA) as previously described (9) . Slides were initially inserted in a slide holder before being exposed to a series of solutions utilizing the capillary gap refill technology of the manual MicroProbe system (Fisher Scientific) with minor modifications to the described protocol. Briefly, following serial hydration steps, the sections were digested with proteinase K (100 g/ml in phosphate-buffered saline) for 8 min at 37°C, followed by postfixation in 0.4% paraformaldehyde for 10 min at 4°C. The hybridization step was performed using 50 ng of the CVV-specific, DIG-labeled probe in the hybridization cocktail solution (Fisher Scientific, Pittsburg, PA) with an initial 10-min incubation at 100°C followed by a 2-h incubation at 42°C. Unbound probe was removed by decreasing salt washes (2ϫ to 0.2ϫ standard saline citrate buffer). To detect bound, DIG-labeled probe, slides were incubated for 1 h at 37°C in an alkaline phosphatase-labeled, anti-DIG antibody solution (Roche Diagnostics) followed by a 30-min incubation in a development solution containing the chromogen substrate nitroblue tetrazolium-5-bromo-4-chloro-3=-indolylphosphate (NBT/BCIP). Finally, slides were dehydrated and counterstained with Bismarck Brown prior to microscopic examination. Evaluation of the distribution of the viral RNA in infected organs was performed as described above for the IHC. In order to evaluate the specificity of the CVV DIG-labeled probe, ISH was also performed on deparaffinized tissue sections from animals infected with the non-CVV bunyaviruses described above.
Virus isolation. Viral isolation from blood and fetal tissues was performed as described previously (12) . Inocula included 1:10 MEM suspensions of either fresh fetal tissues, membranes, cotyledons, ewe blood, or amniotic or allantoic fluids. The inocula were layered onto drained monolayers of Vero cells, incubated for 1 h at 37°C, and subsequently flooded with MEM containing 10% fetal bovine serum and incubated at 37°C in 5% CO 2 for 5 days with daily evaluation for cytopathic effect.
Serum neutralization. Serum from experimental ewes was tested for CVV neutralizing antibodies in triplicate using a microtiter, serum neutralization test in 96-well plates as described previously (12) . First, the serum samples were inactivated at 56°C for 30 min and then diluted 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, and 1:256 with MEM. Prior to inoculation, the diluted sera were incubated at 37°C for 60 min with an equal volume of 100 TCID 50 s/ml of CVV. After incubation, Vero cell suspensions diluted in MEM were added to virus-antibody mixtures, and the plates were incubated at 37°C in 5% CO 2 for 5 days. Monolayers were evaluated daily for cytopathic effect, and titers were calculated according to the Spearman Karber method (31, 53). Titers above 1:4 were considered positive.
RESULTS

Macroscopic findings.
Three fetuses were collected from CVVinfected ewes at 7 and 10 dpi, and four fetuses were collected at 14, 21, and 28 dpi (Table 1) . Of the harvested fetuses at 7 dpi, one fetus was grossly normal (viable) and two nonviable fetuses were diffusely dark red with pale red amniotic fluid. Two grossly normal fetuses (viable) and one dark red, nonviable fetus were recovered at 10 dpi (nonviable). At 14 dpi, one fetus was in early stages of mummification, characterized by diffuse fetal dehydration with dark brown, shrunken dried skin and resorption of membrane fluids (not included in Table 1 ), and three fetuses were viable, but one had the amnion closely apposed (oligohydramnios) to the fetal body. All four fetuses at 21 dpi had normal fluid and body color and were considered viable. One of these four fetuses had marked oligohydramnios, torticollis, arthrogryposis, and scoliosis (Fig. 1B) , and another fetus had mild kyphosis. Three viable fetuses and one mummified fetus (not included in Table 1 ) were recovered at 28 dpi. One of these fetuses had moderate oligohydramnios with torticollis and hypercontracted flexed front limbs (arthrogryposis). The control fetuses were grossly normal (not included in Table 1 ).
Microscopic findings. Most microscopic lesions in infected fetuses were limited to the CNS and SKM system. Multifocal areas of necrosis characterized by accumulation of necrotic debris and not associated with inflammation were observed in the BRA, SPC, and SKM at 7 dpi. Areas of severe necrosis were primarily detected in the matrix zone and mantle layers of the cerebral cortex. In addition, multifocal, scattered areas of necrosis were detected in the brainstem and gray matter of the SPC, especially in the dorsal horns. No vascular lesions or sites of thrombosis were identified. The appendicular and dorsal SKM adjacent to the vertebral column were mainly affected by multifocal discrete necrotic areas. At 10 dpi, areas of necrosis were observed affecting the matrix and intermediate zones of the cerebral cortex and brainstem. Moderate necrosis was seen in the dorsal horns of the SPC. Discrete areas of necrosis similar to those observed at 7 dpi were seen in the SKM. In addition, SKM had scattered foci of infiltrating granulocytes between the SKM fibers along with mild, multifocal hemorrhage. Perivascular accumulations of cellular debris were also observed in the fetal membranes of the nonviable fetuses.
At 14 dpi, severe, multifocal areas of necrosis affected all layers of the cerebral cortex and the brainstem, resulting in hydrocephalus ex vacuo (Fig. 2B1) . The necrosis noted in the SPC was more extensive and severe than that observed at 7 and 10 dpi (Fig. 3B1 ). An infiltrate of mononuclear cells was observed in the meninges of the BRA and SPC. No significant necrosis was observed in the SKM; however, small aggregates of mononuclear cells and granulocytes were in the SKM (Fig. 4B1) , focally in the SKM of the tongue and in the smooth muscle of the intestine. Marked perivascular accumulation of necrotic cellular debris was observed in the amniotic membrane of the mummified fetus.
At 21 dpi, severe necrosis, loss of neuropil, meningeal inflammatory cell infiltrates (meningitis), and hydrocephalus ex vaccuo were observed in the BRA. The SPC of three experimentally infected fetuses had marked parenchymal loss and micromyelia. BRA and SPC had multifocal moderate areas of mineralization. Focal mononuclear cell myositis was also observed, along with reduction in the thoracic and lumbar dorsal muscle mass in two fetuses. Findings at 28 dpi were similar to those observed in the SPC, BRA, and SKM of fetuses at 21 dpi. However, less necrotic debris was detected in the BRA and SPC, but the hydrocephalus and micromyelia were more apparent ( Fig. 2B2 and 3B2 ). Moderate reduction in the dorsal SKM mass was observed in one of the fetuses at 28 dpi (Fig. 4B2) . Additionally, one fetus had minimal, focal necrosis in tubular epithelial cells of the renal cortex. Hypercontraction bands and mild mononuclear perivascular and interstitial infiltrates were observed in the SKM of both control and infected fetuses at 21 and 28 dpi; however, most infected fetuses had slightly greater numbers of mononuclear cells. Distribution of IHC viral antigen in fetuses infected with CVV. The IHC CVV antigen in infected fetuses is shown in Table  2 . The results were identical for tissues fixed in both fixatives. The tissues with abundant viral antigen included the BRA, SPC, and SKM, with the antigen primarily associated with necrotic foci. Within the BRA, the distribution of intense viral antigen was diffuse within the cerebral cortex at 7 and 10 dpi. At 14 dpi, viral antigen was mainly distributed within the matrix zone (Fig. 5A2) , and at 21 dpi, viral antigen was mainly distributed within the mantle and primordial layers. Only scattered foci had positive cells throughout the cerebral cortex at 21 dpi. The SPC had intense and diffuse viral antigen distribution throughout the cervical, thoracic, and lumbar levels of the SPC. At 7 and 10 dpi, viral antigen was distributed in both the dorsal and ventral aspects of the SPC and primarily within the dorsal aspect after 14 dpi. CVV antigen was identified often in myofibers in the developing SKM around the vertebrae and ribs (Fig. 5A3) , with slightly fewer myofibers being positive within the SKM of the front and hind limbs, especially after 21 and 28 dpi. Virus-positive cells were cleared from SKM earlier than from the CNS. Positive cells were observed in the ganglion cells of the dorsal root ganglia, neuron layer of the retina, in cardiomyocytes, and in the renal tubular and glomerular epithelium. Occasionally, CVV antigen-positive cells were seen in the media of the aorta, in lymph nodes, and in the spleen. Scattered mesenchymal cells in the fetal membranes were positive, with the amniotic membranes being more intensely affected than the allantoic membranes. CVV antigen was infrequently detected in amniotic epithelial cells and was detected in the trophoblastic cells of the cotyledons in only one fetus at 7 dpi. A progressive decrease in viral antigen was observed in most affected tissues as the infection progressed, with rare positive cells noted in tissues at 28 dpi. CVV antigen was not observed in tissues collected from control animals and in tissues of animals infected with other orthobunyaviruses. Distribution of ISH CVV viral RNA in fetuses infected with CVV. For the most part, the tissue distribution of CVV-nucleic acid detected by ISH was identical to the tissue distribution of CVV antigen detected by IHC ( Table 2 ). The type of fixative used appeared to have no effect on the intensity or quality of the viral RNA staining. Similar to the results observed with the IHC, the tissues with most abundant viral RNA were BRA (Fig. 5B2) , SPC, and SKM (Fig. 5B3) . The distribution and quantity of viral RNA in other tissues were similar to those observed with IHC, although the level of viral RNA appeared reduced in comparison to that observed with IHC. Tissues collected from fetuses during the earlier postinfection had more intense viral RNA staining than those collected later postinfection. CVV nucleic acid was not detected by ISH in fetal membranes. ISH viral RNA was not observed in tissues collected from control animals or from animals infected with other bunyaviruses.
Viral isolation. The results of CVV isolation are summarized in Table 2 . Virus was isolated from most examined fetal tissues, except for the cotyledons, where virus was isolated only from one 7-day-infected fetus on 3rd passage. CVV was isolated on 1st passage mainly from BRA and SPC, as well as from amniotic fluids and membranes. No virus was isolated from blood collected from infected ewes. No virus was isolated in any of the tissues collected from control animals.
Serum neutralization. All infected ewes developed antibodies to CVV, except for one ewe euthanized at 7 dpi. On the day of euthanasia, the serum neutralizing antibody titers for infected ewes were 1:16 at 7 dpi, 1:8 and 1:32 at 10 dpi, 1:16 and 1:32 at 14 dpi, 1:32 and 1:64 at 21 dpi, and 1:64 and 1:128 at 28 dpi. None of the control animals developed antibodies to CVV.
DISCUSSION
This study focused on CVV-induced macroscopic and microscopic lesions and on the distribution of CVV in affected tissues from ovine fetuses experimentally infected at pbd 35 and sequentially collected at 7, 10, 14, 21, and 28 dpi. The macroscopic and microscopic lesions in CVV experimentally infected ovine fetuses correlated to the lesions observed in natural CVV infections (11, 13, 16) . Although CVV experimental infection studies using the intrauterine route of inoculation have resulted in the same macroscopic and microscopic fetal lesions as those in naturally CVVinfected ovine fetuses (12, 16, 19) , the sequential distribution and identification of the infected cell populations have not been re- ported. Fetal infection is generally unsuccessful when pregnant ewes are experimentally infected with CVV by the intravenous route, even when ewes are inoculated with high doses of lowpassage virus (18) . Although experimental intravenous infection of pregnant ewes with Akabane virus can be more successful at fetal infection than CVV, the fetal infection rate has also been low in some studies (34, 43) . The reason for the low rate of fetal infection when pregnant ewes are experimentally infected by the intravenous route with arboviruses is uncertain. It has been speculated that effector molecules in the saliva of the infected vector during natural infection may be a key feature of arbovirus pathogenesis (18) . Because of the low rate of fetal infection when pregnant ewes are experimentally infected intravenously and in order to reduce the number of animals used in this study, the intrauterine route was used. The use of this route of inoculation did not influence the development of fetal malformations, as lesions correlated well with those seen in natural infections. However, the use of this route of inoculation perhaps influenced the viral distribution in placental tissues. The data found in this study support the hypothesis that the fetal CNS and SKM are targeted during CVV infection. CVVinfected cells were detected both by IHC and by ISH in association with areas of necrosis in the BRA, SKM, and SPC of experimentally infected ovine fetuses. CVV antigen, RNA, and infectious virus corresponded with the sites of development of hydrocephalus, porencephaly, micromyelia, and body malformations, as well as with the lesion descriptions reported in affected lambs from natural CVV outbreaks. Viral antigen and RNA were also observed in other cells of the peripheral nervous system, including the ocular retinal cells and in ganglion cells in the dorsal root ganglia, but these lesions have not been described in natural cases of CVV-malformed lambs. In natural and experimental cases of CVV (20) and Akabane virus (8, 33, 34, 42) , lesions in the SPC are found in both the dorsal and ventral horns, with slightly more severe lesions involving the ventral motor neurons. In this study, most fetuses at 7 to 14 dpi had more severe microscopic lesions and intense staining for CVV antigen and RNA in the dorsal horns, even though in the fetuses at 21 and 28 dpi, the loss of SPC parenchyma affected both the dorsal and ventral horns and caused severe micromyelia. Based on the findings of this study, it is likely that the CVV-induced SKM lesions result both from direct infection of myofibers as well as from denervation atrophy. In addition to the CVV tropism for the SKM, viral antigen and RNA, but without necrosis, were seen in the cardiac muscle and smooth muscle of the gastrointestinal tract of some fetuses. Hypercontraction bands and scattered perivascular and interstitial mononuclear cellular infiltrates observed in SKM of fetuses at 21 and 28 dpi are likely developmental changes in ovine fetuses, since these changes were observed in both control and infected fetuses.
Fetal membranes and placental fluids have been shown to contain virus in early CVV infection (11, 15, 16, 19) . In our study, CVV was isolated from and persisted in the fetal membranes and fluids throughout the course of infection. Using IHC, viral antigens were seen in mesenchymal cells of the amniotic and allantoic membranes and only occasionally in epithelial cells of the amniotic membrane. As time postinfection increased, fewer mesenchymal cells were seen to be infected, but virus was still isolated from fetal membranes and fluids until 28 dpi. Although functional testing of the membranes was not done, it may be speculated that viral infection disrupts the intramembranous movement of fluid in the amnion and contributes to the oligohydramnios. In ovine fetuses, the intramembranous pathway is considered a major route of absorption of water from the amniotic cavity (21, (23) (24) (25) . CVV RNA was not detected by ISH in fetal membranes. This lack of viral RNA may correlate with viral RNA degradation associated with prolonged storage of these delicate specimens in the fixative solution prior to transfer to ethanol and subsequent tissue processing. Use of shorter fixation times for this assay would be recommended in future studies. Conceivably, phagocytic mesenchymal cells in the placenta could be phagocytizing viral particles, resulting in degradation of viral RNA, but preservation of protein, and consequent lack of identification of viral RNA in placental tissues.
In previous experimental infections with CVV, virus was routinely isolated from cotyledons (12, 13) , but in the present study, infectious virus was detected in the fetal cotyledon of only one experimentally infected fetus, and only rare trophoblastic cells had cytoplasmic viral antigen in another experimentally infected fetus. It is possible that the greater success rate of virus isolation from the fetal cotyledons in previous studies was the result of cross-contamination due to the intimate contact with the fetal membranes and fetal fluids containing high titers of virus. The limited involvement of trophoblasts in the cotyledons in this experimental infection presumably reflects the artificial intrauterine route of fetal infection. Successful intravenous infection of pregnant ewes with Akabane virus has been shown to cause more severe necrotic changes associated with detection of the viral antigen in the trophoblastic cells and placentomes (43) .
One cause of congenital limb and axial skeletal malformations is decreased fetal movement (fetal akinesia) (1, 26, 27, 40, 47, 51, 52) associated with oligohydramnios. Spinal flexion with resulting increased pulmonary/abdominal compression and diaphragmatic displacement have been described in ovine fetuses with experimentally induced oligohydramnios produced by drainage of amniotic and allantoic fluids in late gestation (28) . Based on experimental studies with ovine fetal fluid drainage and the demonstration of CVV-induced oligohydramnios (16, 17) , fetal akinesia could play a role in the pathogenesis of the SKM deformities observed in CVV infection. Many processes may affect amniotic fluid volume. For example, experiments performed in ovine fetuses have also demonstrated that severe placental insufficiency results in fetal hypoxia and hypercapnia, which alters the amniotic fluid composition and can be associated with the development of oligohydramnios (22) . The association of severe viral infection with development of oligohydramnios has only been reported with ovine CVV infection. In the present study, three infected fetuses displayed severe oligohydramnios with axial and limb deformities relatively early in fetal life. Obviously, the CNS and SKM lesions induced by CVV must contribute to these lesions. Abnormalities affecting the central and peripheral nervous systems are actually considered to be the most common cause of decreased fetal movement in affected fetuses with subsequent development of arthrogryposis (26) . In this study, one infected animal at 21 dpi had kyphosis, without oligohydramnios. The combined effect of the CNS and SKM lesions and oligohydramnios early in fetal development could explain the severe axial and limb malformations often seen in lambs born after CVV intrauterine infection. Even though oligohydramnios has not been described in experimental Akabane virus infections, lung hypoplasia, a component of the "oligohydramnios tetrad" associated with oligohydramnios in human fetuses (47, 54, 55) , has been seen in some ovine fetuses experimen-tally infected with Akabane virus (42) . It would be important to determine if oligohydramnios occurs with other bunyaviral infections.
Oligohydramnios resulting from fetal renal failure also needs to be considered in the pathogenesis of oligohydramnios. In this study, CVV-infected cells were found scattered in fetal renal tubules and glomerulae at different dpi, and minimal tubular epithelial cell necrosis was only observed in one fetus at 28 dpi. The origin and control of amniotic fluid during early gestation of ovine fetuses have not been completely elucidated. However, because the amniotic fluid during early gestation is believed to be primarily an ultrafiltrate of fetal blood plasma, renal disease could possibly affect amniotic fluid volume (10, 37) . The ovine fetal mesonephros is able to produce urine that is excreted into the allantoic cavity as early as 30 dg (14, 57, 58) . The vast majority of the urine produced in early gestation is primarily transferred to the allantoic cavity from the urinary bladder via the urachus (2, 56, 58) . If the possibility that the fetal urine production also contributes to the formation of the amniotic fluid in early gestation is considered, even mild infection of the fetal kidney could possibly affect fetal urine production and consequentially contribute to oligohydramnios.
The IHC and ISH protocols developed in this study to identify CVV in tissues of experimentally infected ovine fetuses could be further used for diagnostic purposes to confirm or rule out natural cases of CVV on properly collected tissues. Both techniques did not cross-react with three other orthobunyaviruses in brain from experimentally infected fetuses, and, therefore, the primary antibody and probe generated could be used to differentiate between CVV and other bunyaviruses. Certainly in areas where other bunyaviruses are active, it would be advisable to test the specificity of the anti-CVV polyclonal antibody used in this study. In terms of sensitivity, the IHC seemed more sensitive than ISH and detected viral antigens in some infected tissues in which CVV RNA was not detected by ISH. Additionally, IHC frequently detected a higher percentage of cells infected with CVV in different tissues. However, the sensitivity of IHC and ISH to detect CVV in tissues of infected fetuses may be improved by reducing fixation times, particularly in fetal membranes. Conceivably, phagocytic mesenchymal cells in the placenta could be phagocytizing viral particles, resulting in degradation of viral RNA, but preservation of protein, and consequent lack of identification of viral RNA in placental tissues. Both IHC and ISH represent excellent tools for use in further experimental studies, as well as for diagnostic purposes in the detection of CVV in early abortions.
CVV is a viral pathogen with a tropism for the ovine fetal CNS, SKM, and fetal membranes. The study of early infection demonstrated a tropism that correlated well with the CNS and SKM malformations observed in spontaneous CVV disease. With CVV, the development of arthrogryposis probably has a multifactorial pathogenesis involving effects on developing neurons, myocytes, and fetal membranes. Since CVV is the only viral infection that has been shown to cause oligohydramnios, it has potential to serve as an animal model for experimental pathogenesis studies of this condition in both animals and humans. This study further characterizes the CVV viral fetal model of oligohydramnios and development of SKM malformations in fetuses.
